quent isolation of the transcription factors important in their regulation (for review see Lai and Darnell, 1991; Sladek and Darnell, 1992; De Simone and Cortese, 1991) .
The major liver-enriched transcription factors identified so far include HNF-1, a POU-homeodomain protein; C/ EBP" and ß, which are bZip proteins; HNF -4, a member of the thyroid-steroid hormone receptor superfamily; and HNF-3, a representative ofthe HNF-3/ forkhead class of DNA-binding proteins (Lai and Darnell, 1991; Sladek and Darnell, 1992; De Simone and Cortese, 1991 , and references therein). The HNF -3 proteins were first identified by their ability to bind to important promoter elements in the Ql-antitrypsin and transthyretin genes (Costa et al. , 1989) . Other target sites for HNF-3 have been described in the a-fetoprotein, albumin, tyro· si ne aminotransferase, phosphoenolpyruvate kinase. transferrin, and HNF-1a and HNF-3ß genes (Costa et al., 1989; Herbst et al. 1991; Nitsch et al., 1993; Ip et al., 1990; Auge-Gouillou et al., 1993; Kuo et al., 1992; Pani et a/. , 1992b) as weil as the lung-specific gene CCI0 (Sawaya et al., 1993) . From comparison of the observed HNF·3 binding sites, a consensus element, TATTGA c / T TTA/ TG, has been derived (Costa et al., 1989) , although deviations from this consensus sequence have been identified (Nitach et al., 1993; Pani et al., 1992b) . The HNF -3 DNA-binding activities were purified from rat liver extracts and the rat cDNAs subsequently cloned and sequenced (Lai et a/., 1990 . The three binding activities observed in gel retardation assays were found to correspond to three proteins encoded by independent genes, which were termed HNF ·30', ß, and 'Y . Deletion analysis of HNF -30' demonstrated that the region between amino acids 124 and 288 is essential for DNA binding (Lai et al., 1990) . Subsequent sequence comparison revealed striking similarities between HNF-3 and the DrosophiltJ m elanogaster gene forkhead within the DNA binding domain Weigel and Jäckle, 1990) , for whieh 100 of 110 amino acids are identieal between HNF -3ß and forkhead. The DrosophiltJ gene forkhead has been described as a region-specific homeotic gene and is required for the proper formation of the terminal structures of the Drosophila embryo 378 KAESTNER ET AL. 
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CCTTTTTTCTTTCTTTTTTCTTTTTTGGCAGACTTCTTGGTTCAGCAGATGCCAAATTGGCCACCATATCACATGGTGTCTTTTTTGACATtCTGGATGCATGGAAGGTCACTGTATTGG 1800 (Jürgens and Weigel, 1988; Weigel et al., 1989) . The forkhead gene is expressed in eetodermal as weil as endodermal portions of the gut, the yolk nuelei, the salivary glands, and eertain eells of the nervous system. Subsequently, sequenees closely related to the HNF -3/ forkhead DNA binding domain have been found in species ranging from yeast to man (Oliver et al., 1992; Knöchel et al., 1992; Dirksen and Jamrieh, 1992; Ruiz i Altaba and Jessell, 1992; Häeker et al., 1992: Tao and Lai, 1992; Li et al., 1991 Li et al., , 1992 Li and Vogt, 1993; Kaestner et al., 1993; Clevidenee et al., 1993) . In mice, six HNF-3/forkhead homologues that have at least 57% amino acid identity within the DNA binding domain with forkhead have been deseribed .
The rat HNF-3 genes have been shown to be expressed, in addition to liver, in stomaeh, intestine, and lung (Lai et al., 1990 , whieh are all tissues derived, at least in part, from embryo nie endoderm. This fact, eombined with the high degree of similarity to the Drosophila gene forkhead, has led to the proposal that the HNF -3 genes are important in early endoderm and liver development in addition to their role in adult liver transcription (Lai and Darnell, 1991) . This notion is supported by recent in situ hybridization studies on early postimplantation and midgestation mouse embryos (Sasaki and Hogan, 1993; Monaghan et al., 1993) . The HNF -3 family members were found to be sequentially transeribed in the developing definite endoderm, HNF-3ß being the first gene to be aetivated, followed by HNF3a and finally ')'. Interestingly, HNF-3ß and a mRNAs were also found in cells of the notochord and ventral neural epithelium, suggesting additional functions for these genes in mesoderm and neural axis formation . Reeent experiments suggest that the very early expression of the HNF -3 proteins in the liver primordium is responsible for the reorganization of the chromatin strueture, as the HNF -3 proteins are involved in the precise positioning of nucleosomes over the albumin enhancer only in those tissues where the enhaneer is aetive (MePherson et al., 1993) . As a prerequisite to further our understanding of the importanee of the HNF -3 gene family in mouse development, through promoter analysis in trans genie mice and generation of null alleles via homologous recombination in embryonie stern cells, we have cloned and characterized cDNAs and genomic fragments encoding the mouse HNF -3 genes. In addition, we have quantitatively analyzed their expression pattern in adult mouse tissues and whole mouse embryos from midgestation to term. ..
FIG. 2.
Res trietion map of the mouse HNF-3c:r. P, and l' genes. The restrietion map of each gene together wit h the extent of the lambda phage clones from which it was derived is shown. The exons of the three genes are shown as black hoxes, and the forkhead DNA binding domains are indicated as white baxes.
MATERIALS AND METHODS
Library construction und cDNA and genomic cloning. A 300-nt probe co rr~sponding to the forkhead domain of th c mouse HNF -3a gene originally obtained by peR was used to sc reen two m ouse live r cDNA libraries (Ruppert e l 01., 1990; B. Luckow et al., 1994) using high -stringency hyhridization and w8shing conditions (Church and Gilbert, 1984) , Fourteen hybridizing lambda phages were purified and the cDNAs were subcloned into Bluescript (Stratagene) aod classified by dideo):.y sequencing (Sanger et al., 1977) . The complete coding 88 well as pan of the untranslated regions of t he mOuse HNF -3a:, ß. and 'Y cDNAs were sequenced after generating nested deletions of the cDNAs with exonuclease III (Henikoff, 19M) .
Genomic clones containing the HNF -3a and f3 genes weTe obtained through screening 9f an amplified m ouse 129/018 library in '\GEM-12 (Promega) kindly provided by Anton Berns (Amsterdam) using the probe and hybridization conditions as used for the cDNA library screen. An additional genomic Iibrary was constructed from murine embryonie stern cells. Genomic DNA was isolated from the murine A embryonie stern celliine E14TG2a (Hooper et al., 1987) , parlially digested with the restriction endonuclease Sau3AI. size fractionated (16 to 23 kb fragments), and ligated into .\Dash 11 (Stratagene) according to Frischauf (1987) . Two million primary phages of this library were screened with various portions ofthe mouse HNF-31' cDNA to assemble the complete HNF -31' contig. The genomic lambda phages were mapped. and exon-containing fragments subcloned and sequenced to obtain the intron-exon boundaries.
Primer extension analysis. Primer extension analysis was carried out as deseribed previously (Kaestner et al., 1989) using synthetie oligonucleotides and 5 ~g tRNA or poly(A +) RNA purified from stornach using oligo(dT) Dynabeads (Dynal). The primers used were complementary to nucleotides 64 to 85 of the HNF -3a cDNA, nucleotides 61 to 83 ofthe HNF-3ß eDNA, and nucleotides 61 to 83 ofthe HNF-31' cDNA (see Fig. 1 ). To map the endpoint of the primer-extended product, dideoxy sequeneing (Sanger et al., 1977) of genomic subclones eontaining the first exon of eaeh gene was performed using the eorresponding oligonucleotide as a primer.
RNA isolation and RNase protection analysis. Total RNA from a variety of mouse tissues or whole mouse embryos was isolated by eentrifugation through a CsCI eushion after bomogenization in guanidinium thioeyanate (Chirgwin et aL, 1979) . The quality ofthe RNA preparations was eontrolled by ethidium bromide staining of tbe 18S and 288 rRNAs after electrophoretie separation ofthe RNA in denaturing agarose gels. RNase protection analysis was performed as described previously (Kaestner et al., 1989) 
Quantitat ive analysis of the tissue distribution of the mouse HNF -3a, ß. snd 'Y mRNAs. (A) Fifty m icrograms oftotal RNA from the t is8ues indicated WIIS hybridized to a cocktail of excess 32P_labeled antisense RNA prohes specific for H N F -3a, ß. and 'Y. and the level orthe mRNAs for 811 three genes was determined by R Nasc protection analysis 8 5 described under Materials snd Met hods. The lane marked " Prohes" contains 1000 dpm each of the three prabes used and served w standardize the values obtained in the qua nHtation (see below). The arrows indica te t he positions ofthe probes (a, ß. and y) and the protected fragments ß. and 
y). (B)
The signals obtained in A were quantified using a phosphoimager and converted to Cmol-specific mRNA per milligram total tissue RNA. The signals were corrected C or the specific activit.y 01 the diffe rent probes and reHect the true ratios of the three mRNAs.
8t 54<) C in 80% formaruide overnight. Excess probes were re moved by digestion with RNases A and Tl and, the protectcd probe fragme nts analyzed on denaturing 6% polyacrylamide gels. The signals obtained were quantified on a Molecular Dynamics phosphoimager and converted to fm ol RNA/ mg total RNA assuming 100% hybridization of the target RNAs and rlormalizing the signals for thc number oe UMP res i.duCos incorporated in the hybridizing portion of Coach probe.
RESULTS AND DlSCUSSION
Using a 300-nt probe spanning the forkhead DNA bin ding domain of the mouse HNF -3a gene , we screened two m ouse liver cD NA libraries. A total of 15 phages (10 for HNF-3a, 1 for HNF-3ß. and 4 for HNF -3'1) were purified from L3 million phages under high-stringency conditions_ The phage inserts ranged from 1 to 2.1 kb and contained the complete cod· ing regions of all three genes. As demonstrated by sequence analysis and transcriptional start site mapping, the cDNA lack less than 50 bp at the 5' end. The cDNAs for HNF -3ß and '1 are almost full length, as the corresponding mRNAs were shown to be 2.3 and 2.1 kb in size (data not shown). The cDNAs for HNF-3" are lacking 1.6 kb of untranslated sequence at the 3' end, as its mRNA was found to be 3.4 kb in length (data not shown). The sequence of the mouse HNF-3 cDNAs was determined and is shown in Fig. 1 along with the amino acid sequence for the longest open reading frame. The cDNAs encode proteins of 468 , ) , 459 (HNF-3ß), and 353 (HNF-3'Y) amino acids with calculated molecular weights of 48.9, 48.5, and 34.6 kDa, respectively. As expected, sequence comparison demonstrated that the mouse and rat sequences (Lai et al., 1990 are highly conserved, with amino acid similarity ranging from 93% (for HNF-3'Y) to 99% (for HNF-3ß). A noteworthy exception is the amino terminus of the HNF -3 '1 gene, at which the mouse sequence is more similar to the mouse HNF -3" and ß genes (16 of the first 55 amino acids are conserved) than to its rat counterpart (6 of 55 conserved amino acids). This is espeeially interesting in light of the finding that the amino-terminal 52 amino acids of the HNF -3ß protein were shown to be important in transcriptional aetivation through testing of deletion mutants in transfection assays (region IV; Pani et al., 1992a) . This domain is rieh in serine and tyrosine residues and contains two putative casein kinase I phosphorylation sites. Therefore, it seems likely that the amino terminus of the mouse HNF -3')' gene ean function in transcriptional activation as weIl. This region of the mouse HNF -3')' sequence was also confirmed by sequencing the corresponding genomic region (see below).
Using the mouse cDNA probes for HNF-3a, ß, and '1, we screened two mouse genomic phage libraries to obtain genomic fragments containing a11 three genes. The resulting phages were mapped and the exon-containing regions identified by Southern blotting and subcloning. The restriction patterns ofthe cloned regions were compared to those obtained in mouse genomic Southern blots to exclude possible rearrangements of the lambda phages (data not shown). The resulting gene structures for HNF -3", ß, and '1 are shown in Fig. 2 . All three genes span less than 10 kb and contain two (HNF -3a and '1) or three exons (HNF -3ß) . The intron-exon boundaries were determined by comparing the cDNA and genomic sequences and are summarized in Table 1 . Interestingly, the intron within the coding region is at tbe same relative position in all three genes, that is, at -1 with respect to a conserved YS dipeptide, indicating a Common ancestor gene. In addition, the above-mentioned diveI~ gence of the amino terminus of the mouse HNF -3'1 gene from its rat counterpart cannot be explained by alternate exon usage, as tbis region covers tbe first 55 amino acids, while the intron is located at position 24. In addition, no evidence for alternate splice variants of HNF -3'1 was found in RN ase protection experiments using probes covering the first 452 nucleotides of the HNF -3'1 cDNA (data not shown). The intron-exon boundaries of the rat HNF-3ß gene, the only other HNF-3 gene anaIyzed so far (Pani et al., 1992b) , are identical to the ones for the mouse gene described here. To determine the start site of transcription for HNF -3a, ß, and ,)" we performed primer extension experiments with gene-specific primers. The results of these experiments using poly(A +) RNA from stornach (where the HNF -3 gene family is expressed most strongly, see below) or tRNA a8 negative contra 1 are shown in Fig. 3 alongside a sequencing ladder using the same primer. In a11 three cases, multiple, but closely spaced, start sites are apparent. The most 5' of these transcription initiation sites was designated as position +1 (see Fig. 4 ). The transcriptional start site ofthe rat HNF -3ß gene (Pani et al., 1992b) has been mapped to within 5 nt of the one observed in mouse, again underscoring the elose relationship between the two genes.
As an initial step toward the understanding of the regulatory elements governing the expression of the HNF-3 gene family, we subcloned and sequenced the proximal promoters of the three mouse genes and searched them for potential bin ding sites of known transcription factors (Fig. 4) . Despite the relatedness ofthe three cDNAs and the similarity ofthe mRNA distribution ofthe three genes, the promoters are dissimilar. The promoters of HNF -3" and '1 have in common only binding sites for the general transcription factor Sp1 (Fig. 4) , while only HNF-3'Y contains a canonical TATA-box at the appropriate position relative to the start site of transcription. The proximal promoters of the rat and mouse HNF -3ß genes are remarkably weil conserved, with 116 of the first 120 nucleotides being identical. Especially important is the fact that the two bin ding sites for a liver-specific protein, termed LF -H3ß, and a binding site for HNF -3 itself are conserved in sequence as we11 as spac-ing ( Fig. 4; and Pani et al., 1992b) . Pani et al. (1992b) have shown through transfeetion of rat HNF -3ß promoter mutants in HepG2 cells that both bin ding sites are important for strang expression of chimeric HNF-3ß/reporter gene constructs. They proposed a model for cell-specific transcription of the HNF -3 gene in liver cells involving activation by the cell-specific LF-H3ß protein and maintenance ofthis expression through positive autoregulation by HNF-3ß. Interestingly, a second HNF -3 binding site of identical sequence is found farther upstream (position -400 to -390) in the mouse HNF -3ß promoter, which might also take part in this proposed auto regulation. A second possibility is the regulation of the HNF -3ß promoter by HNF -3« and y, wbich are also present in liver and have similar DNA binding properties . Most likely, similar regulatory pathways are operative in the regulation of the mouse and rat HNF -3ß genes. This notion is supported by the finding that the proximal mouse HNF -3ß promoter confers cell-type-specific expression on a ß-galactosidase reporter gene (data not shown). A detailed promoter analysis of the divergent HNF -3« and y genes through transfeetion as weH as transgenie mouse experiments is in progress to understand which regulatory pathways control these genes, as their proximal promoters lack binding sites for HNF -3 and LF -H3ß.
As a first step toward understanding the full potential of the HNF -3 gene family as transcription factors in mice, we sturlied the expression patterns of its three members through quantitative RNase protection using gene-specific probes (see Materials and Methods for details), allowing for a first direct comparison of the expression levels of the three genes. The results of our survey of adult mouse tissues are shown in Fig. 5 . While HNF -3« is expressed strongly in large intestine and stomaeh, and weaker in liver, lung, and smaH intestine, mRNA is present in the same tissues at more balanced levels. HNF -3y is expressed strongly in large and smaH intestine, stomaeh, and liver, but is absent from lung. This is consistent with the observation of Monaghan et al. (1993) that HNF -3y expression in midgestation mouse embryos is restricted to derivatives of the endoderm posterior to the liver. The expression of HNF -3« and ß in the adult mouse is restricted to derivatives ofthe embryonie endoderm, while HNF-3y mRNA was also found in heart, adipose tissue, ovary, and testis as weil as embryonic stern cells. The tissue distribution ofthe HNF-3 mRNAs in mice is qualitatively similar to that observed in the rat (Sladek and DamelI, 1992; . The expression of HNF-3y in heart, adipose tissue and embryonic stern cells has not been observed before. We extended our analysis ofthe expression ofthe HNF -3 gene family to RNAs obtained from mouse embryos from Day 9.5 post coitum onward using the same gene-specific probes (Fig. 6) . HNF -3ß is expressed strongly on Days 9.5 and 10.5, weakly detected during the next 2 days, and returns to an intermediate level of expression on Day 15.5. HNF -3« follows a similar pattern as HNF -3ß, but is expressed at lower levels. The transient dip in the mRNA levels of HNF-3a and ß corresponds to the disappearance of the two mRNAs from the embryo nie liver as revealed by in situ hybridization . HNF-3y, while hardly detectable on Day 9.5, is being activated on Day 12.5 and peaks on Days 15.5 and 16.5. This peak in mRNA levels coincides with the increased expression of HNF -31' in endoderm-derived structures such as the liver, stomaeh, intestine, and pancreas observed by in situ hybridization .
As an initial step toward understanding the role of the HNF -3 gene family of transcription factors, we bave cloned and characterized the cDNAs and genes of its three members. The information obtained will aUow identification of important regulatory elements in the promoters of HNF -3", ß, and y through transfeetion of chimeric promoter/reporter gene constructs into tissue culture ceUs and by analysis of these constructs in transgenie mice. Furthermore, gene targeting experiments in mouse embryo nie stern ceUs that will allow us to determine the precise role of these genes in mouse embryonie development and tissue-specific transcriptional regulation in the adult are in progress.
